Assessment of bivariate normality by Sadri, Pejmon
UNLV Retrospective Theses & Dissertations 
1-1-2004 
Assessment of bivariate normality 
Pejmon Sadri 
University of Nevada, Las Vegas 
Follow this and additional works at: https://digitalscholarship.unlv.edu/rtds 
Repository Citation 
Sadri, Pejmon, "Assessment of bivariate normality" (2004). UNLV Retrospective Theses & Dissertations. 
1674. 
https://digitalscholarship.unlv.edu/rtds/1674 
This Thesis is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV 
with permission from the rights-holder(s). You are free to use this Thesis in any way that is permitted by the 
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from 
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself. 
 
This Thesis has been accepted for inclusion in UNLV Retrospective Theses & Dissertations by an authorized 
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu. 
ASSESSMENT OF BIVARIATE 
NORMALITY
by
Pejmon Sadri
Bachelor o f Science 
University o f Nevada, Las Vegas 
1995
A thesis submitted in partial fulfillment 
of the requirements for the
Master of Science Degree in Mathematical Sciences 
Department of Mathematical Sciences 
College of Sciences
Graduate College 
University of Nevada, Las Vegas 
May 2004
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
UMI N um ber: 1 4 2 2 8 0 7
INFORMATION TO USERS
The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion.
UMI
UMI Microform 1422807 
Copyright 2004 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code.
ProQuest Information and Learning Company 
300 North Zeeb Road 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
R eproduced witfi perm ission of tfie copyrigfit owner. Furtfier reproduction profiibited witfiout perm ission.
U N D L
Thesis Approval
The Graduate College 
University of Nevada, Las Vegas
April 2. .20 04
The Thesis prepared by
Pejmon Sadri
Entitled
'’Assessment of Bivariate Normality"
is approved in partial fulfillment of the requirements for the degree of 
Master of Science in Mathematical Sciences
E xam ination C om m ittee M em ber
—"2 -  0  ^
E xam ination C om m ittee M em ber
Graduate College F aculty  Representative
Examination Committee Chair
Dean o f the Graduate College
P R /1 0 1 7 -5 3 /1-00 11
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
ABSTRACT
Assessment of Bivariate Normality
by
Pejmon Sadri
Dr. Malwane Ananda, Examination Committee Chair 
Professor of Mathematics and Statistics 
University of Nevada, Las Vegas
There are three methods, which are most commonly used to assess the bivariate 
normality o f paired data, two of which are also used to assess the multivariate normality. 
Nevertheless, none of the methods is very efficient or conclusive in their assessment of 
bivariate normality. In this thesis we are proposing a new method to test bivariate 
normality. This new method makes use o f a set o f if  and only if  conditions inherent in 
the theory of bivariate normal distribution. The proposed new method is highly efficient, 
accurate, and very easy to apply using any available standard statistical software.
Ill
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CHAPTER 1 
INTRODUCTION
Purpose of Study
When dealing with random events of one variable, many such events exhibit normal 
distribution. Similarly, when dealing with random events of two variables, many such 
events exhibit bivariate normal distribution. Moreover, just like univariate normal 
distribution, bivariate normal distribution can be used to approximate the distribution of 
many statistics. The wide spread applicability o f bivariate normal distribution makes the 
distribution an important and appealing topic of study in theoretical statistics. Thus, the 
purpose of this paper is to investigate methods by which one can determine whether or 
not a set of observations follows bivariate normal distribution.
Research Questions
The bivariate normal distribution of two random variables z, and z^  has probability 
density function (pdf):
p{z, , z j  = -------- U— T exp
where
7  —  ( ^ 1  A t )  A i ) ( ^ 2  Ml)  I ( ^ 2  Mt)
2  2  ’  0”| ^ 1^ 2 ^2
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/f, = Population mean of z^
P 2 = Population mean of
CT| = Population standard deviation for z,
(Tj = Population standard deviation for z^  
p  = Correlation coefficient of z, and
Thus, given the above probability density function, a question to be considered is how 
can a given set of observations be assessed for bivariate normality.
Significance of Studv
The significance of this study is closely tied with the facts mentioned in the beginning 
of this chapter. The fact that bivariate normal distribution has many real life applications, 
alone, makes studies of this sort significant. Once the distribution of a set of data has 
been determined to be o f a certain kind, then it will be very easy to determine the 
probability of occurrence of a particular data or a range o f data points. Furthermore, such 
probability outcomes may be used in decision making in many service and manufacturing 
industries. Such informed decision making processes will in turn lead to savings of 
resources, and even lives.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
CHAPTER 2
REVIEW OF RELATED LITERATURE 
When searching through the literature on tests for bivariate normality, it becomes 
clear that all such tests involve the verification of a combination o f a set o f conditions 
before concluding bivariate normality.
The primary goal is to, as best as it can possibly be done, verify that all linear 
combinations of the bivariate observation vectors are normally distributed. It should be 
noted that two of the three methods that are eurrently applied, are used for assessing 
multivariate normality as well as bivariate normality, and the third method, called the 
radii and angles methods, is used specifically for assessment o f bivariate normality. All 
these three methods have eomputational inefficiencies, as well as inaccuracies which 
stem from the fact that the assessment techniques are mostly graphical in nature, by­
passing the classical hypothesis testing methods, entirely. That is, no test size approach, 
as in classical testing of the null hypothesis, has ever existed for assessment o f bivariate 
normality. Thus, we are proposing a new method, which is based on the verification of 
three if and only if conditions inherent in the theory of bivariate normality. Furthermore, 
because in this new method, we are statistically testing three conditions, as opposed to 
merely graphically checking the normality of all linear combinations in a set o f bivariate 
observations, the computational efficiency and the accuracy of the new method proves to 
be far superior to the other three methods.
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In the remaining portion of this chapter, the theoretical background behind the three 
most commonly used methods of assessment for bivariate normality, will be discussed, 
first. It will be shown in the coming pages that neither one of these methods can truly 
give us a guaranteed proof for the existence o f bivariate normality. This is because there 
may be some data sets which do not have bivariate normal distribution, and yet, whose 
components may pass some or all conditions applied in each one o f the currently used 
methods. The most powerful method for assessing bivariate normality, however, is 
described as the fourth method, which is proposed in this paper, for the very first time 
ever. The fourth method takes on the task of assessing for bivariate normality through 
verification o f a set o f if  and only if conditions that lay in the theory o f bivariate 
normality. Each one of the three conditions tested under the new proposed method may 
be tested using the classical hypothesis testing methods. Thus, the new proposed method 
does not put its reliance entirely on graphical methods. Hence, the fourth method is by 
far the most superior method among the four methods available for assessing bivariate 
normality of paired data.
First Method: The Most Common Method
One o f the two most commonly used methods, which may be used for assessing 
multivariate normality as well as bivariate normality, tests for four conditions 
(Gnanadesikan (1977)). First, quantile-quantile (q-q), or probability plots are used to 
verify the normality of all marginal distributions (Minitab, Inc. (2000)). If the q-q, or 
probability plots are not linear, the assumption o f bivariate normality must be rejected. 
Second, a scatter plot of all pairs is generated. Density regions in the scatter plot should
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be roughly elliptic (Johnson and Wichem (1988)). Third, an arbitrary linear combination 
of the variables is tested for normality. Earlier it was stated that the first method is not a 
guaranteed method for assessing bivariate normality. This is because, in theory, every 
possible linear combination of both variables must be checked for normality. But, in 
reality, this is impossible to accomplish, and so because o f this condition the method 
cannot yield a full proof result. To test the fourth condition, when both, the number of 
observations, and the number of observations minus the number of random variables, are 
larger than 25, which is often the case, then we must check to see if the standardized 
squared distances about the population mean vector are distributed as chi-square with 2 
degrees of freedom (Johnson and Wichem (1988)). This means that a q-q chi-square 
distribution plot must be linear for bivariate normal data. Earlier it was stated that the 
first, the second, and the third methods are not very efficient. This is because the 
verification of these four conditions are time consuming, and laborious. In any case, 
when the results from testing o f all these four conditions are positive, then one usually 
concludes that the data is bivariate normal.
Second Method: The First Method Applied To Principal Components
Another common method for assessing bivariate data for bivariate normality, implicit 
in the writings o f Gnanadesikan, is when we test those very exact conditions as 
mentioned under the first method on principal components. Thus all the short comings 
present in the first method are also present here. Nevertheless, the idea here is based on 
the fact that, through principal component analysis, a new set o f variables are generated 
using data on the original variables (Venables and Ripley (1999)). These new variables
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are in fact rotations of the original ones, and they have been rotated so that they can 
explain the variability in the data better than the original variables. Thus, the data 
associated with these new variables, which are the scores from principal component 
analysis, can be tested under the explained conditions for hivariate normality.
Third Method: The Radii and Angles Method
As it was mentioned previously, the first two methods discussed can be used to assess 
multivariate normality as well as bivariate normality. The radii and angles method, 
however, is designed specifically for the assessment of bivariate normality. In this 
method, the original pairs of observations (zpZj) are transformed into the elements, ,
and 6 .  For bivariate normal data, , and 0 must approximately have and uniform 
distributions, respectively. Here, the condition o f verifying for having an
approximate distribution, is identical to verifying o f the same distribution on the 
squared distances about the population mean vector in the previous two methods. Thus, 
one would be dealing with the same inefficiency in the procedure as the previous two 
methods (4^ '’ condition of the two previous methods). Nevertheless, we note at this point 
that the radii and angles method tests for an additional condition, absent from the test of
t/,t^ = (z^ -z ) used by the previous two methods. This additional
condition, as mentioned above, is the verification of the angle that scaled residuals make 
with the abscissa direction of the coordinate system, 9 , follows an approximate uniform 
distribution on the interval (0,27t).
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Fourth Method: The New Proposed Method
This method is entirely original to this paper, and it is being proposed here for the 
very first time ever as the easiest, most efficient, and most credible method among all the 
previously discussed three methods. Furthermore, it is the only one, which makes use of 
a set of if  and only if  conditions that lay in the theory o f bivariate normality. In this 
method, the original bivariate data (Z[,Z 2 ) is decomposed into two vectors (Y, , )
through linear transformation. Under the assumption o f bivariate normality, (Z ,,Z 2 )is
bivariate normal if and only if ~ iV(0,l), ~ Y (0,1), and ^  = 0 . As it can be
seen clearly, under this new method, we abandon the notion o f graphical assessment for 
bivariate normality, and conduct our analysis based on the classical hypothesis testing 
methods.
In the next chapter, we will explain each method in detail. Furthermore, for the 
proposed method, we will show actual type I error rates using simulations. In chapter 4, 
using simulated data sets we will demonstrate the efficiency of the proposed method.
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CHAPTER 3 
METHODOLOGY
Collection and Treatment of Data
To put the findings discussed in the previous seetion to the test, a set of data whose 
bivariate normality is known was needed. To generate such data, first, two independent 
standard normal random variables, were generated using the Minitab software;
400 pairs o f data were generated in this step (see Appendix A); Box-Muller 
transformation may also be used for this purpose. Next, the following transformation 
was used to obtain the variables (zpZ j), whose bivariate normality is known (Hogg and 
Craig (1995)).
•^1 ~ Ai
%2 = /J2+P^2^l +<^2V ï- ÿ ? %2 ’
where all the terms in the transformation have been defined, previously.
Having generated 400 pairs of data from bivariate normal distribution, each 
assessment method may now be used for analysis.
First Method: The Most Common Method
The goodness-of-fit measure used in this method in order to test for normality 
depends on which software package is being used for the analysis o f data. The Minitab’s 
probability plots use Anderson-Darling Statistic as a measure o f how far the plot points
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fall from the fitted line in a probability plot (Minitab, Inc. (2000)). The smaller the value 
of the Anderson-Darling statistic, the better the data fits a selected distribution. On the 
other hand, the S-Plus software package uses q-q plots, which are based on order 
statistics. Let us examine each methodology.
A. Normalitv Test Using the Anderson-Darling Test Statistic 
The Anderson-Darling test is defined as:
= - N - S
where
i = l  ^
and
Hg = The data follow a given distribution
= The data do not follow the given distribution 
Y. = The ordered data
F  -  The cumulative distribution function of the given distribution.
For continuous distribution functions, F(x) ,  is defined as follows:
F(;c)=
When this algorithm is used in a normality analysis, besides the graphical output, 
which is of course of interest for our purpose, the p-value may also be looked at as a 
quantitative means o f verifying results.
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B. Normalitv Test Using Q-Q plots of Normal Distribution 
A number of statistical packages, including S-Plus, use q-q plots as a measure of a 
goodness-of-fit test. Now, let us see how q-q normal distribution plots work.
a. First, observations are listed in an ascending order (i.e.
X(l) — X(2) — — -^ (n) •)
b. Second, the proportion of the distribution that is less than or equal to the
value of each order statistic is estimated. One such an estimate can be 
computed using the following formula:
f - 1 / 2
n
where i, is the rank of each observation.
c. Next, the expected quantités from a normal distribution are computed 
As follows:
^ z - 1 / 2 ^- 1= o
where is the inverse of the standard normal cumulative 
distribution function,
d. Finally, the observed quantités, , are plotted versus the expected 
quantités, , and checked for the linearity of the plot.
Once the marginal distributions have been tested positive for normality using 
either one of the previous algorithms, then we may appropriately move forward to check 
the remaining conditions. The second condition dictates that the scatter plot o f all pairs 
should, approximately, be elliptic. This is an straightforward procedure using any 
statistical software package. Next, an arbitrary linear combination of the bivariate
10
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variables (obtained through linear transformation) must be derived, and its normality 
must be checked using any one of the previously discussed algorithms. It is impossible, 
though, to check all possible linear combinations, as the theory calls for. Thus this latter 
condition falls short of being a full proof condition. The last condition to be checked is 
the fact that, for bivariate normal data, standardized squared distances about the 
population mean vector are distributed as approximately chi-square with degrees of 
freedom 2 (or exponential with mean 2.) In vector notation, this means that
(z - p )  [ z -  p ) ~  x l -  By estimating p  and E by z and S , approximately
^ z - z j  5"“' ( z - z j  follow a chi square distribution with degrees of freedom 2. This
approximation is commonly used to test the bivariate / multivariate normality (Johnson 
and Wichem (1988)) using q-q p l o t . To check this condition we use this commonly used 
procedure to constmct our q-q plot.
Gnanadesikan and Kettenring (1977) showed that the exact distribution of
^ z - z j  5 “' ^ z - z j  can be written using beta variables. Even if  one uses the exact
distribution o f ^ z - z j  S~  ^^ z - z j  instead o f using the previously mentioned approximate
chi-square distribution, this eondition alone is not sufficient enough to guarantee the 
bivariate normal distribution. In fact, as mentioned earlier, this condition is only one of 
the many conditions implied by the bivariate normal distribution.
As we have mentioned earlier, in this paper, we apply the most common assessment 
method by replacing E by 5". To construct q-q plot, let
for k= l, 2, . . .  n.
11
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After obtaining the « x l vector of (400x1 in this study) the following
theoretical steps should be followed to check for its normality.
a. Order the squared distances as: ^  ^
b. Compute expected quantités, , from the x l  distribution, 
^ ( - 1 / 2 ^
where =%2
c. Plot d ^  versus . This plot should be linear.
It should be mentioned that testing this is a time consuming task, and also it is another 
reason why the fourth method is superior to this one. Once the time has been spent and
dj^ s have been obtained, however, one can easily combine and check the three steps just 
mentioned by using q-q chi-square distribution plots, or probability plots available in a 
standard statistical package. This completes all conditions, which should be checked as 
part o f this assessment method. The next method is strikingly similar, with one 
exception.
Second Method: The First Method Applied to Principal Components
The only distinction between this method and the first one is that instead of using the 
original observations to check the four conditions, the scores from the principal 
components analysis are used. Because of this approach, this method is slightly more 
conservative than the previous one, but it also suffers from the shortfalls and 
inefficiencies of the first method. In this method, the principal components analysis is 
used to generate new variables, which are in fact the result of rotation of the original
12
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observations in the direction o f maximum variance. In other words, these are the 
coordinates along which the data show their greatest variability (Gnanadesikan (1977)).
When performing principal components analysis using a statistical software package, 
there is a choice of whether to use the correlation matrix or the covariance matrix. This is 
because principal components are not invariant under linear transformation. Thus the 
principal components of the covariance matrix are not the same as the ones computed 
using the correlation matrix. Some suggest using the correlation matrix at all times, since 
for one thing, the principal components of the correlation matrix are invariant under 
separate scaling of the original variables. Also, another reason for this suggestion has to 
do with numerical computations. Nevertheless, for other reasons, among which are 
classical statistical inference, and distribution theory, it is often preferable to use the 
covariance matrix. Moreover, in this project it is assumed that both variables are scaled 
in a similar manner. Thus, the covariance matrix was used.
In a statistical software package, such as Minitab, principal component scores may be 
stored after a principal components analysis has been conducted. To explain what scores 
are, a minor detail with respect to the principal components themselves must be covered. 
The components themselves are the weighted linear combination of the original variables, 
and the weights used to generate these components are the eigenvectors of the 
characteristic equation. The principal component scores, then, are the value of each 
principal component at each observation, and it is the scores, which will replace the 
original observations in the assessment for bivariate normality under this method.
13
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Third Method: The Radii and Angles Method
The radii and angles method, least known for its name, is designed specifically for 
assessing bivariate normality of paired data. Under this method two conditions must be 
checked. One condition is identical to checking to see if the squared distances about the 
population mean vector follow an approximate %\ distribution. The second condition is 
to check and see if the angle, 0, that scaled residuals, dk,
- z ) ,  k = \ , . . . , n ,
make with the abscissa direction of the coordinate system follows a uniform distribution 
on the interval (0,27c), (Gnanadesikan (1977) and Hutchinson & Lai (1997)).
The term ^  may be obtained by, first, taking the Cholesky decomposition of the
covariance matrix, and then inverting the square root matrix obtained in that process. 
The Cholesky decomposition of the covariance matrix can be obtained conveniently 
using the command, chol(x,F = TRUE) , in the S-Plus software package. The term, x, in 
the command must be the name of the data file which contains the covariance matrix. 
The checking o f this condition is unique to the radii and angles method, and because o f it, 
the method is more reliable than the 4*^  condition of the two previous methods.
Fourth Method: The New Proposed Method
So far, all three methods that have been discussed for assessing bivariate normality of 
paired data are based on the verification of a set of conditions, which either may not be 
tested thoroughly, or they can be tested but the testing process is fairly laborious and time 
consuming. Another point that needs to be made is that the testing of each one of the 
formerly discussed conditions is a one way approach, and not a two way approach, such
14
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as the proof of an if and only if condition. But the proof o f a set o f if  and only if 
conditions, as part o f the assessment process for bivariate normality, is exactly where the 
strength, accuracy, and ease of application of the fourth method, exhibits its superiority to 
the other three methods.
For instance, in all the three methods that have been discussed previously, one must 
check to see if squared distances about the population mean vector follow a (2)
distribution. But this condition cannot be checked in the reverse direction. In other 
words, one cannot take any vector of squared distances about a population mean vector 
which has x^  (2) distribution, and assume that the population from which it is generated 
is bivariate normal.
The method proposed in this section is an if and only if process whose conditions 
may be verified very efficiently using any of the standard statistical software packages. 
First, two theorems must be stated.
Theorem 1: Suppose
\ ^ i j
Zj P2 Z, - // ,
p0-2 I J
Then:
a)
b) %2-AT(0,l)
c) Y, and ^ 2  are independent, (OR =0)
15
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Proof: Given X^ ~ #(0,1) and X^ ~ #(0,1) and the parameters 
M\j Ml’ ^1 ’ ^2 ’ P ’
an existing theorem states that (Hogg and Craig, (1995)):
1^ ~  M\
Z2 =  //2  +  P<^1^X +  ^2  y l ^ - p ^  # 2  
and that B V N .
Conversely, the desired results for # ,  and # 2  can easily be obtained by 
solving for # ,  and # 2  directly from the above transformations, hence the
results:
and
O',
^ 2  Ml Zx - / / i will follow.
Also, notice here that the two conditions given in (c) imply each other 
under the normal distribution conditions given in (a) and (b), and this 
completes the proof. I
The testing of X^ and # 2  for normality is easily achieved using any one of the 
standard statistical packages. Minitab, for instance, uses the Anderson Darling test 
statistic in the generation o f its probability plots in order to conduct tests o f normality. 
Furthermore, testing of independence of # ,  and X^ can be done quite easily using 
Spearman’s rank correlation test (Bain and Engelhardt (1992)), page 489). The testing of 
the null hypothesis #g : # (x ,,X2 ) = #(x,)#(% 2 ) is based on the Spearman’s rank 
correlation coeeficient, which is defined as:
16
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n{n -1 )
where r/, is defined as the difference between the rank o f and the rank of X j  for the 
i'*’ observation. Critical points for small n are given in many statistical inference books 
(Bain and Engelhardt (1992), page 617).
When n >10, approximate p-values or approximate critical values can be obtained 
using Student’s t-distribution approximation:
It is important to notice that this is a test based on ranks and does not assume any 
distributional properties on W, and other than continuity. In our examples and 
simulation studies, we will use this test to test the independence o f Jf, and .
Moreover, it is important to notice here that the hivariate normality is rejected if  at 
least one o f the three conditions given in Theorem 1 is rejected. Therefore, in order to 
test the correlation, without losing much power for the combined test, one can use the 
simple correlation test that is given in many low-level introductory statistic books, 
namely :
x A -r
where r is the Pearson product moment coefficient of correlation,
_ -  nxy
Zx, - n x
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Even though, this test is based on normal theory, this is a very robust test and the validity 
of the normal assumption is not a crucial issue (for details, see Bain and Engelhardt 
(1992), page 486-488).
We note at this point that in the fourth method, we are testing three conditions, and 
thus an investigation of the simultaneous type I error rate becomes necessary (Agresti and 
Finlay (1997)). It should be noted here that one cannot define the type I error rate for all 
the other procedures discussed earlier. Simultaneous confidence intervals control 
probability values in a way such that all intervals contain the true parameters 
simultaneously, and the individual sizes are set in a way that if  even only one of the three 
parameters is rejected, all intervals are set to fail as well. Thus the null hypothesis of 
hivariate normality will he rejected if even only one o f the tests has failed. Table 1, 
shown on the following page, shows actual sizes for each test, when nominal sizes are set 
at 0.05, 0.05, 0.05.
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Table 1: Actual sizes (estimated actual type I error rates) for each test, when 
nominal sizes are at 0.05, 0.05,0.05, using 5000 iterations.
Sample Size
Actual Sizes for Individual 
Param eters Tests, Wlien oc=0.05
u Hi m2 a l o2 P S ize l Size 2 Size 3
20.0 10.0 10.0 2.0 2.0 0.7 0.049 0.0424 0
20.0 10.0 10.0 2.0 4.0 0.7 0.0484 0.042 0
20.0 20.0 40.0 2.0 2.0 0.7 0.0518 0.0518 0
20.0 20.0 40.0 2.0 5.0 0.5 0.0486 0.0542 0
35.0 10.0 10.0 2.0 2.0 0.7 0.0496 0.0478 0
35.0 10.0 10.0 2.0 4.0 0.7 0.047 0.0512 0
35.0 20.0 40.0 2.0 2.0 0.7 0.0504 0.0486 0
35.0 20.0 40.0 2.0 5.0 0.5 0.0456 0.0532 0
50.0 10.0 10.0 2.0 2.0 0.7 0.0476 0.0502 0
50.0 10.0 10.0 2.0 4.0 0.7 0.0452 0.0482 0
50.0 20.0 40.0 2.0 2.0 0.7 0.0516 0.051 0
50.0 20.0 40.0 2.0 5.0 0.5 0.0502 0.054 0
100.0 10.0 10.0 2.0 2.0 0.7 0.0486 0.0462 0
100.0 10.0 10,0 2.0 4.0 0.7 0.0504 0.0486 0
100.0 20.0 40.0 2.0 2.0 0.7 0.045 0.0486 0
100.0 20.0 40.0 2.0 5.0 0.5 0.0548 0.0538 0
Now, more interestingly, the ahove discussed theorems will allow us to test the if  and 
only if conditions of hivariate normality in the reverse direction, using the original 
definitions of A, and . In other words, Z, and may he set to he equal to:
■^1 ~ M “*■
Zj = //j + /Co-^A, + A;
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The latter results for Z, and Zj are identical to transformations of independent and
identically distributed standard normal vectors to hivariate normal distribution, and thus 
guarantee the reverse condition for hivariate normality (Hogg and Craig (1995)).
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CHAPTER 4
FINDINGS OF THE STUDY
Different software tools were used to complete this stage of the project. This was, in
part, due to the limitations o f the software packages themselves, and partly due to my
own level o f familiarity with each software. For these reasons, the S-Plus software was
used to generate q-q plots whenever generating probability plots presented a difficulty.
Also, the S-PIus software was used to obtain the Cholesky decomposition of the
covariance matrix. For all other analysis. Mini tab was used. Nevertheless, wherever
possible, for the sake of presentation, 1 decided to include prohability plots from Minitab
rather than the q-q plots from S-Plus, mainly because Mini tab probability plots are more
pleasing to the eye and more detailed in their outputs. In addition, to maintain the
original graphical quality o f the outputs, all the plots shown on the following pages have
been kept in the exact format in which they were generated by the software. In any case,
here are the results, and 1 hope that the information presented will help satisfy the
curiosity of the reader.
Example 1: To test the conditions under each method, 400 pairs of hivariate normal
data were generated using the following transformations, which have been included in
Appendix 1.
Z, =//,+cr,A,
1^2 '^  p e r 2  A , +  CTj a / i  — A ^
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In this transformation, both A/ and X 2 were set to be 400 x 1 veetors o f data with 
standard normal distribution. The data in these vectors were generated independently 
from each other using the Minitab software package. Next, to generate (Zi Z2 ) the 5 
parameters in the transformation were set to the following values: 
pi=50, ai=3, P2=70, a2=5, p=0.7. The objective here is to see if, each method, correctly 
and strongly concludes that the data has hivariate normal distribution.
Analvsis o f Data. First Method: The Most Common Method
Figure 1 clearly shows that z, is distributed normally. The high P-Value shown is an 
additional tool to verify the normality of the data. Figure 2, shown on the next page, 
demonstrates similarly satisfactory results for z^. Thus, both variables pass the first 
condition for hivariate normality.
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Probability Plot of Zl
Normal - 95% Cl
99.9
99-
95-
90-
80- 
70- 
60- 
50- 
«  40-
0. 30-
2 0 -
C
S
1 0 -
0.1
40 45 50 55 60
Zl
Mean 49.90
StDev 2.950
N 400
AD 0.189
P-Value 0.900
Figure 1; Anderson-Darling normality test of the marginal distribution o fz ,.
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Probability Plot of Z2
Normal - 95% Cl
99.9
2 0 -
10 -
0.1
60 70 80 9050
Mean 69.75
StDev 5.164
N 400
AD 0.256
P-Value 0.722
Z2
Figure 2: Anderson-Darling normality test of the marginal distribution of .
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The following plot ehecks for ellipticity o f the seatter plot o f all pairs in the data, 
which is the second condition for hivariate normality. O f all the graphical tools available, 
this particular one was chosen, since the plot also exhibits a histogram of the marginal 
distributions on the sides of the scatter plot. As it can be seen, the scatter plot is almost in 
the form an ellipse with an oblong major axis, and a much shorter minor axis.
Marginal Plot of Z2 vs Zl
Figure 3: Scatter plot of z, and z^. The scatter plot exhibits an elliptical pattern.
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In Figure 4, Anderson-Darling normality test was used to check the normality of an 
arbitrary linear combination of the variables z^  and • The appearance o f the plot in
combination with the P-Value shown on the plot verify the normality o f this linear 
combination o f the variables. It should be mentioned that Minitab uses adjusted 
Anderson-Darling normality test, which puts more weight on the observations in the tail 
of the distribution (Hutchinson and Lai (1991)). Therefore, the P-value for this analysis 
would have been higher if  it were not for the skewness of the data in the tail area.
Probability Plot of 2Z1-5Z2
Normal - 95% Cl
99.9
99-
95-
80- 
70- 
60- 
50- 
Û 40- 
O. 30-
2 0 -
0.1
340 -320 -300 -280 -260 -240 -220 -200 -180 -160
Mean -249.0
StDev 22.00
N 400
AD 0.335
P-Value 0.507
2Z1-5Z2
Figure 4; Anderson-darling normality test of the arbitrary linear combination 2z, -  Sz^
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In Figure 5, the final condition to check for hivariate normality is tested. The 
objective was to show if the squared distances about the population mean vector are 
distributed as chi-square, - To accomplish this, a q-q plot of the vector o f squared 
distances versus the x l  distribution was generated. As it can be seen, with the exception
of a few observations in the tail of the distribution, most of the observations follow an 
approximately linear pattern. This verifies the final condition for hivariate normality, 
under the first method.
o°
Chi .Square
Figure 5; The q-q plot is approximately linear, reflecting the fact that the squared 
distances about the population mean vector are distributed as chi-square, Xi •
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Analvsis o f Data. Second Method: The First Method Applied to Principal Components 
Here, similar analyses as in the first method are conducted. Only this time the 
subjects are the principal components. The linearity o f the plot, the high P-Value, and the 
less than 0.5 A-Squared value for the Anderson-Darling normality test, all point to the 
fact that the principal components at z, follow normal distribution.
Probability Plot of ScoresZl
Normal - 95% Cl
99.9
99
95
90
80
a  70 
§  60 
U 50 
«  40
a  30 
20
10
5
1 -
0 .1 —r  
60
ScoresZl
Mean 84.36
StDev 5.638
N 400
AD 0.178
P-Vaiue 0.919
Figure 6: Anderson-Darling normality test of principal components atZ j.
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Figure 7 also shows evidence o f the normality of the principal components at variable 
Z2 . However, the P-Value for this test is smaller since the Anderson-Darling test puts a 
greater emphasis on the observations in the tails of the distribution. As it is visible from 
the probability plot, more values in the tails of the distribution fall outside the normality 
envelope, than the test shown in figure 6.
Probability Plot of ScoresZ2
Normal - 95% Cl
99.9
99-
95-
90-
80-
70-
60-I
&
2 0 -
1 0 -
0.1
10 12 14 16 18 20 22
Mean 1 5 .^
StDev 1.893
N 400
AD 0.656
P-Value 0.086
ScoresZl
Figure 7: Anderson-Darling normality test of principal components at .
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In Figure 8, we observe that the data on principal components still follow an elliptic 
(almost like a football) pattern. Yet, the data in the ellipse exhibit a greater scatter. This 
is expected, though, since the principal components are the linear combination of the 
original variables in the direction of maximum variance.
Marginal Plot of ScoresZl vs ScoresZl
20
18
Rl 16
1 “
12
10
80 90
ScoresZl
100
Figure 8: Scatter plot of principal component scores at z, and z^.
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Figure 9 shows that the normality of an arbitrary linear combination of principal 
components is preserved.
Probability Plot of ScoresZl * 5-ScoresZ2* 2
Normal - 95% Cl
I
£
99.9-
99
95
90
80
70
60
50
40
30
20
10
5
1
0.1
Mean 390.9
StDev 28.44
N 400
AD 0.247
P-Value 0.753
300 350 400 450
ScoresZl*5-ScoresZ2*2
500
Figure 9: Anderson-Darling normality test o f the arbitrary linear combination 
5 * Scores z, -  2 * Scores z . .
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To plot Figure 10, the vector of squared distances about the population mean vector 
from the principal components was first computed. Next, a q-q plot of the vector of 
squared distances versus the chi-square data was generated. As it can be seen, with the 
exception of 11 data points, the results are again approximately linear. Thus, this test 
verifies the final condition of hivariate normality through the use of principal 
components.
130.827%
To 104.662%
■= 78.4961%
m 52.3308%
3
w"
■d 26.1654%
0%  -
-0.0965398% 39.9421% 79.9807%
19.9228% 59.9614% 
_______Chi .Square
100%
Figure 10; The q-q plot of the squared distances about the population mean 
vector from the principal components versus Zi  distribution.
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Analvsis of Data, Third Method: The Radii and Angles Method
The radii and angles method requires that two conditions be met. First, in the derived 
components, the must have approximately distribution (or exponential with mean
2.) Second, 0 , must have uniform distribution. During this analysis, both plots exhibited 
an approximately linear pattern, indicating the existence of hivariate normal distribution.
10 -
oo
Chi-Square Distribution
Figure 11; The q-q plot of versus Chi-Square distribution with degrees o f freedom 2.
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-0.064315
0.008316
S  -0.051703
-0.007734
0.037489
0.024753
0.0998004% 40.02% 79.9401%
20.0599% 59.98%
Uniform Dl sir! bull on
99.9002%
Figure 12: The q-q plot o f Û versus uniform distribution.
34
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Analvsis of Data, Fourth Method: The Proposed New Method
As it has been mentioned before, the following transformation was used to generate 
hivariate data (ZpZ^) whose hivariate normality is guaranteed (Hogg and Craig (1995)).
Using these data the MLEs’ o f //j, cr,, ct2 , were estimated and the vectors 
A, and were computed using these MLE values in the following transformations.
0-1
and A^ =
1
V J
Thus, the theoretical if  and only if  condition has already been proved for one 
direction. Now, to check the conditions in the other direction we have the following 
results.
99.9
99
95
90
80
*i 70
S  60
U 50 
«  40
O. 30 
20
10
5
0 .1- r  
-4
Probability Plot of USING Xl-400
Normal - 95% Cl
- 1 0  1 
USING Xl-400
Figure 13: It is clear from the plot that A, ~ A (0 ,1).
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StDev 1.000
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Probability Plot of USING X2-400
Normal - 95%  Cl
99.9
99-
95-
90-
80-
c
8
£
1 0 -
0.1
2■4 3 1 0 1 2 3 4
Mean 0.0001060
StDev 0.9987
N 400
AD 0.478
P-Value 0.234
USING X2-400
Figure 14: It is clear from the plot that ~ A^(0,1).
The last if  and only if  condition to be checked in the reverse direction is to see if the 
two vectors X, and are independent. We can test this using the Spearman’s rank 
correlation test. For this data, the Spearman’s rank correlation coefficient is:
j 2  zr sk / I  1 n o r \ \
(V 4 0 0 -2 )*  (0.001370634)1 -  0.998629366 = 0.001370634
J l - J l f  ^1-(0.001370634)'
(V 4 0 0 -2 ]*(0.001370634)
T = 1 . / =-A----- — 1 2  . = 0.02734
V l- i? /  ^1-(0.001370634)'
The P-value for this test is given by:
P-value=2*P(T > 0.02734) = 2*0.489101 = 0.9782.
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Therefore, based on the P-value=0.9782, we can conclude that A', and are 
independent.
Example 2: The objective of this example is to test and show that the proposed 
method yields similarly excellent results for relatively smaller sample sizes, as well. 
Using the same transformations used in example 1, 50 pairs o f data were generated from 
hivariate normal distribution; this data can be found in Appendix II. The parameter 
values chosen for this example remain identical to the ones used in example 1, and they 
are as follows: pi=50, o',=3, p2=70, 02=5, p=0.7. Next, the proposed method was applied 
to this data and the following results were obtained.
Probability Plot o f USING X I-50
Normal - 95% Cl
95 ■
90 -
■3 ■2 1 0 31 2
Mean -0.00006209
StDev 1.000
N 50
AD 0.362
p-Value 0.432
USING Xl-50
Figure 15: From a sample size of 50, probability plot of X^ ~ 77(0,1).
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Probability Plot of USING X2-50
Normal - 95%  Cl
95-
90-
80-
70-
c
S 50- 
Ü 40- 
30- 
20 -
3 2 01 1 2 3
Mean 0.0001309
StDev 1.000
N 50
AD 0.398
P-Value 0.355
USING X2-50
Figure 16: From a sample size o f 50, probability plot of ~ N (0 ,l ) .
And to show that X^ and Aj are independent, as before, we will use the Spearman’s 
rank correlation test. For this data, the Spearman’s rank correlation coefficient is:
R = \ - - : 1 — =1- 1. 03693 = -0.03693
50 *(2500-1)
fV 50-2)* (-0 .03693)
T  = ^— = J = _ = = = = = - -  = -0.256034
^ 1-(-0 .03693)'
The P-value for this test is given by:
P-value=2*f(T < -0.256034) = 2* 0.399498 = 0.798996.
Therefore, based on the P-value=0.798996, we can conclude that X^ and , which 
came from a much smaller sample size of 50, still prove to be independent.
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Example 3: The objective of this example was to further test and show the strength 
of the proposed method when dealing with even a smaller sample size than the one used 
in the previous example. Therefore, using the same transformations and parameter values 
applied in the previous two examples, 25 pairs o f data were generated from hivariate 
normal distribution; this data can be found in Appendix III. Next, as before, the 
conditions o f the proposed method were tested using this data, and the following results 
were obtained.
Probability Plot of USING Xl-25
Normal - 95% Cl
90-
80-
70-
60-c
8a 40- CL_
1 0 -
3 2 0 21 1 3
Mean -0.0001474
StDev 1.000
N 25
AD 0.442
P-Value 0.266
USING Xl-25
Figure 17: From a sample size of 25, probability plot of A, ~ A (0,1).
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Probability Plot of USING X2-25
Normal - 95%  Cl
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3 2 1 0 1 2 3
Mean -0.000003278
StDev 0.9997
N 25
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P-Value 0.805
USING X2-25
Figure 18: From a sample size of 25, probability plot of X j ~ N (0 ,1).
As before, using the Spearman’s rank correlation test, we can show clearly that 
X^ and X 2 are independent.
0 4 ,- 0 .0 4
« (»" -!) 25 *(625-1)
( 4 ^ ] r , (V 2 5 -2 )* (-0 .0 4 )
T = ^ r  ’ ’ —  = -0.191987
The P-value for this test is given by:
P-value=2*P(r < -0.191987) = 2 *0.424684 = 0.849368.
Once again, based on the P-value=0.849368, we can conclude that A, and X ^, which 
came from a much smaller sample size of 25, are independent.
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Because this is the first time ever that this new proposed method (the fourth method) 
is being set forth as the most efficient and full proof method for testing of hivariate 
normality, a point should be made by applying the method to data whose non-bivariate 
normality is well known. Then, we would expect the method to conclude the test by 
rejecting the hivariate normality of such data.
To establish this fact, we repeated the above analysis, first, for data whose 
distribution was exponential, and second, for data whose distribution was uniform.
Example 4: For this example, first we generated two independent vectors of size 
400x1 from exponential distribution in Minitab. Then, we applied the previously 
mentioned transformations and parameter values to these data to generate 400 pairs of 
data, which we expect not to have hivariate normal distribution. Our objective here was 
to confirm that the proposed method rejects the hivariate normality o f the data as it 
should. This report does not include any of the data used in this example. Beginning on 
the next page, we present the results of data analysis for this example.
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Probability Plot of x l
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Figure 19: XI is the first supposedly independent vector which was generated from the 
transformation of bivariate data that came from exponential distribution. XI is clearly 
shown to be non-normal.
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Probability Plot of x2
Normal - 95%  Cl
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99-
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Mean 1.031
StDev 1.067
N 400
AD 19.831
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x2
Figure 20: X2 is the second supposedly independent vector which was generated from 
the transformation of bivariate data that came from exponential distribution. X2 is 
clearly shown to be non-normal.
Applying Spearman’s rank correlation test to this data set, one can find that the 
P-value=0. Under the hypothesis of independence, this indicates that the vectors XI and 
X2 are not independent. In this example, all three conditions reject the bivariate 
normality o f the data. However, we would like to emphasize that, under the proposed 
method, the failing of only one of the conditions is sufficient for rejecting o f the bivariate 
normality of the data set.
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Example 5: For this example, first we generated two independent vectors of size 
400x1 from uniform distribution in Minitab. Then, we applied the previously mentioned 
transformations and parameter values to these data to generate 400 pairs o f data, which 
again, we expect not to have bivariate normal distribution. Here, our objective is similar 
to the case studied in example 4, which is to confirm that the proposed method rejects the 
bivariate normality o f the data, as it should. This report does not include any of the data 
used in this example.
Probability Plot of using x l
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P-Value <0.005
Figure 21: XI is the first supposedly independent vector which was generated from the 
transformation of bivariate data that came from uniform distribution. XI is clearly shown 
to be non-normal.
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Probability Plot of using x2
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using x2
Figure 22: X2 is the second supposedly independent vector which was generated from 
the transformation of bivariate data that came from uniform distribution. X2 is clearly 
shown to be non-normal.
Applying Spearman’s rank correlation test to this data set, under the hypothesis of 
independence, one can easily test and show, as it was shown before, that the P-value=0. 
Therefore, the proposed method strongly rejects the bivariate normality o f the data set, 
which is what we expected to see. Here, we have shown again that the proposed method 
is quite reliable in assessing bivariate normality, as each one o f the three conditions 
rejects the bivariate normality of the data set. It has been mentioned before, that the 
failing of only one of these conditions is sufficient for rejecting the bivariate normality of 
a data set.
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Another point that needs to be made in regards to the new proposed method is that a 
question might be raised that how sensitive or reliable is the new method in the face of 
anomalies such as outliers.
Example 6: For this example, the original 400 pairs of bivariate normal data, which 
can be found in Appendix I, were used in combination with two pairs of outlier data. The 
next two plots demonstrate that the new method is quite sensitive toward outliers. As it 
ean be seen in the plots, the outliers are elearly shown and the normality o f data is 
rejected.
Probability Plot of USING Xl-402
Normal - 95% Cl
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 1----------------- 1—
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Mean -0.00009473
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N 402
AD 24.746
P-Value <0.005
—T
15
Figure 23: The two outliers are clearly shown and the normality o f data rejected
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Figure 24: Once again, the outliers are shown and the normality o f data is rejected
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CHAPTER 5 
CONCLUSIONS
When assessing a data set for bivariate normality, the new proposed method is by far 
the most efficient, the most accurate, the easiest, and the most full proof method for 
assessment o f bivariate normality. Unlike the other methods, the proposed method 
allows one to assess a data set for bivariate normality under a formal setup for testing of 
statistical hypotheses. Furthermore, the proposed new testing procedure can be easily 
implemented using any standard statistical software package.
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APPENDIX I
BIVARIATE NORMAL DATA- EXAMPLE I
No. Z1 Z2
1 48.68 63.316
2 47.892 69.519
3 52.322 76.09
4 54.434 80.997
5 51.277 66.786
6 45.941 64.898
7 53.153 77.543
8 54.565 76.082
9 46.971 68.949
10 47.812 69.41
11 46.302 65.855
12 43.82 66.847
13 48.696 69.102
14 50.529 65.36
15 48.885 74.587
16 47.777 64.615
17 49.069 70.17
18 50.628 73.01
19 50.472 75.753
20 48.727 67.787
21 50.578 67.183
22 48.122 61.857
23 50.372 66.566
24 47.561 65.841
25 49.847 66.945
26 46.095 64.561
27 54.608 76.748
28 52.283 71.834
29 46.413 53.49
No. Z1 Z2
30 52.774 67.936
31 53.838 73.185
32 47 .545 70.908
33 47.521 62.398
34 45.156 69.429
35 48.446 63.37
36 51.083 70.084
37 49.877 72.555
38 48.57 68.47
39 51.602 68.993
40 50.466 67.018
41 46.234 67.454
42 51.55 71.576
43 52.269 69.675
44 49.968 65.777
45 52.378 72.746
46 52.399 72.988
47 53.652 73.002
48 48.872 59.913
49 52.571 69.397
50 51.286 68.776
51 48.507 67.279
52 47.94 68.876
53 53.761 75.817
54 49.897 73.729
55 52.593 66.448
56 51.573 72.658
57 49.186 63.47
58 46.136 68.941
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No. Z1 Z2
59 48.903 66.594
60 47.303 73.219
61 49.976 68.713
62 47.183 64.714
63 53.6 77.439
64 50.421 78.387
65 57.043 75.554
66 45.497 64.388
67 53.727 69.107
68 48.291 71.554
69 50.923 77.288
70 49.462 67.677
71 48.228 70.591
72 49.643 68.433
73 49.542 72.927
74 52.468 77.36
75 48.311 66.973
76 44.284 59.552
77 52.684 80.927
78 44.308 62.967
79 51.637 65.567
80 50.998 68.154
81 48.137 67.04
82 53.331 72.34
83 50.581 68.916
84 49.246 76.912
85 50.873 73.508
86 50.927 72.876
87 51.93 77.423
88 49.629 65.154
89 51.945 73.806
90 48.854 69.495
91 48.518 62.948
92 47.849 71.505
93 48.692 69.968
94 46.996 64.088
95 47.808 61.195
No. Z1 Z2
96 53.076 69.567
97 51.973 74.591
98 50.32 69.886
99 47.798 64.973
100 56.201 80.44
101 44.715 63.95
102 51.382 74.316
103 49.08 66.126
104 47.802 69.766
105 46.168 61.53
106 50.175 65.899
107 49.978 70.292
108 46.449 63.786
109 44.523 61.588
110 51.288 76.817
111 49.688 74.536
112 51.658 79.106
113 51.373 70.064
114 48.203 70.01
115 48.423 67.421
116 48.947 71.242
117 47.907 76.911
118 53.736 76.556
119 47.864 64.498
120 55.855 79.152
121 49.096 62.581
122 43.507 53.608
123 52.114 71.48
124 47.422 66.124
125 50.274 72.772
126 50.806 69.388
127 54.956 71.171
128 55.28 74.636
129 46.699 65.98
130 42.762 64.674
131 47.464 63.741
132 46.19 61.049
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No. Z1 Z2
133 47.223 61.308
134 52.575 69.085
135 52.144 71.519
136 47.931 67.13
137 53.448 68.931
138 52.747 69.398
139 52.179 74.069
140 48.949 68.934
141 43.629 61.109
142 47.355 72.042
143 47.594 71.102
144 51.382 74.659
145 48.13 71.107
146 47.541 68.895
147 53.174 75.37
148 49.122 74.442
149 48.267 59.948
150 51.116 72.534
151 47.924 66.468
152 54.994 82.713
153 50.662 70.549
154 49.462 70.015
155 50.269 60.404
156 51.813 78.671
157 51.808 71.296
158 52.181 73.847
159 51.277 72.309
160 46.506 66.218
161 50.399 67.337
162 50.663 74.732
163 48.876 64.321
164 50.927 72.702
165 45.001 61.513
166 48.754 66.415
167 49.915 62.967
168 50.389 71.135
169 49.468 71.213
No. Z1 Z2
170 45 .929 64.382
171 51.406 73.456
172 49 .647 72.138
173 42 .449 59.948
174 46 .714 68.996
175 56.205 77.038
176 53.535 73.151
177 50.235 71.061
178 51.414 75.325
179 51.13 79.47
180 54.207 79.868
181 49 .905 67.204
182 52.944 72.553
183 53.473 70.89
184 49 .045 73.471
185 48 .739 69.486
186 51.948 69.873
187 54.179 81.421
188 49.732 66.172
189 51.08 73.136
190 47.964 63.766
191 50.247 73.619
192 46.466 70.299
193 48 .295 71.735
194 48 .239 68.518
195 49 .144 69.682
196 51.968 67.231
197 48.839 63.245
198 48.122 67.827
199 52.015 72.715
200 56.825 78.606
201 53.174 73.105
202 51.018 74.86
203 52.307 72.457
204 52.717 71.802
205 49.223 61.392
206 44.007 62.395
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No. Z1 Z2
207 55.021 73.985
208 49.281 70.358
209 54.318 73.553
210 45.581 68.974
211 48.145 65.385
212 51.197 72.701
213 57.178 77.735
214 48.435 75.644
215 45.906 60.789
216 51.601 75.551
217 47.925 68.802
218 51.564 75.923
219 50.271 68.982
220 50.831 67.121
221 42.335 60.766
222 55.555 74.27
223 46.857 67.29
224 49.905 71.383
225 47.842 68.147
226 49.242 77.615
227 51.025 67.881
228 50.248 65.237
229 49.637 70.846
230 49.173 65.076
231 50.453 69.111
232 48.603 65.05
233 49.835 69.457
234 52.23 78.861
235 50.681 69.732
236 56.626 80.438
237 51.86 66.931
238 48.12 68.09
239 44.759 61.307
240 52.504 73.659
241 48.675 67.955
242 43.484 60.213
243 48.517 70.389
No. Z1 Z2
244 49.986 68.856
245 49.282 71.337
246 54.034 74.972
247 51.94 69.049
248 55.106 78.604
249 51.565 68.144
250 52.303 70.409
251 51.277 76.946
252 49.222 64.744
253 48.424 69.758
254 46.04 64.189
255 51.902 74.924
256 50.79 74.811
257 53.147 70.352
258 50.744 67.15
259 49.529 69.751
260 50.623 71.887
261 52.513 72.821
262 52.264 72.245
263 48.726 69.38
264 49.372 67.131
265 47.592 66.161
266 50.144 68.944
267 53.592 73.555
268 53.048 70.09
269 47.165 71.365
270 49.448 65.004
271 54.693 73.703
272 49.546 67.22
273 46.299 54.255
274 46.901 63.853
275 50.825 72.655
276 52.248 72.936
277 46.668 56.628
278 49.174 68.954
279 57.047 80.069
280 51.276 76.428
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No. Z1 Z2
281 56.195 76.053
282 54.507 78.421
283 51.907 77.784
284 52.963 72.946
285 46.303 70.821
286 53.443 75.561
287 51.323 72.317
288 48.326 73.674
289 46.148 64.974
290 43.956 63.504
291 52.284 72.988
292 44.681 62.825
293 52.235 73.004
294 48.088 73.18
295 58.289 84.199
296 46.826 70.551
297 44.826 62.791
298 53.215 70.295
299 47.214 63.373
300 50.429 73.725
301 46.411 67.598
302 50.221 72.489
303 45.802 63.777
304 47.535 63.692
305 52.775 72.066
306 49.346 69.789
307 51.294 70.332
308 52.73 73.125
309 42.846 66.145
310 49.066 77.518
311 54.248 73.336
312 49.691 71.467
313 52.017 69.885
314 46.599 69.147
315 49.835 65.396
316 45.806 58.994
317 52.323 69.462
No. Z1 Z2
318 51.811 76.128
319 53.38 76.457
320 49.596 70.06
321 53.411 76.83
322 46 .148 62.731
323 50.782 79.1
324 52.046 70.72
325 45.794 65.821
326 46 .698 62.96
327 50.316 70.324
328 49.345 71.699
329 53.439 70.99
330 50.279 76.737
331 56.067 78.134
332 51.148 70.502
333 48.448 70.723
334 50.203 68.54
335 55.738 76.529
336 48.65 62.673
337 52.21 68.064
338 50.754 70.683
339 53.499 71.777
340 51.168 69.109
341 46.241 62.754
342 43 .545 71.114
343 51.419 69.939
344 50.663 77.924
345 46.493 64.752
346 51.688 72.544
347 44.492 60.457
348 55.042 73.668
349 49 .014 65.301
350 47.54 67.386
351 51.448 72.591
352 54.45 73.983
353 44.262 58.322
354 47.723 64.005
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No. Z1 Z2
355 50.668 63.424
356 50.24 75.738
357 48.3 64.444
358 47.214 66.233
359 50.805 67.176
360 50.606 71.746
361 49.296 70.831
362 46.349 61.431
363 48.112 69.108
364 56.65 75.077
365 48.324 71.781
366 48.542 65.278
367 53.176 68.632
368 48.571 68.686
369 47.862 68.305
370 48.019 66.65
371 45.975 65.716
372 50.957 67.861
373 46.204 66.722
374 48.941 69.637
375 46.129 66.959
376 47.471 72.391
377 46.23 65.541
378 47.976 64.5
379 49.474 64.075
380 56.269 78.645
381 49.953 65.022
382 52.87 81.343
383 49.837 64.487
384 45.153 64.222
385 48.011 70.646
386 53.151 74.748
387 49.703 67.194
388 46.582 68.924
389 53.48 78.672
390 48.771 67.786
391 52.369 69.822
No. Z1 Z2
392 45.462 70.452
393 46.175 62.65
394 48.692 63.403
395 51.173 73.24
396 49.293 65.91
397 46.843 65.397
398 50.346 69.885
399 52.468 69.048
400 52.879 78.488
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APPENDIX II
BIVARIATE NORMAL DATA-EXAMPLE 2
No. Z1-50 Z2-50
1 46.064 65.735
2 52.482 76.732
3 49.372 67.763
4 48.566 66.765
5 50.754 69.332
6 51.698 69.15
7 47.041 66.884
8 47.742 74.511
9 53.614 70.169
10 56.076 80.886
11 56.931 80.335
12 48.352 62.683
13 50.769 69.464
14 52.278 71.982
15 59.852 83.639
16 53.839 72.179
17 55.004 72.012
18 49.716 67.163
19 47.08 66.993
20 49.786 71.762
21 52.542 75.447
22 56.42 72.959
23 48.624 67.902
24 48.013 71.108
25 52.01 71.441
26 46.43 67.521
27 51.356 67.522
28 49.38 68.959
29 51.758 70.308
No. Z1-50 Z2-50
30 53.47 63.939
31 56.295 79.584
32 51.28 72.812
33 48.162 61.671
34 50.472 73.049
35 49.544 67.914
36 46.975 64.299
37 48.223 64.815
38 46.342 69.866
39 49.621 66.196
40 49.28 72.631
41 45.523 67.4
42 53.435 66.53
43 46.276 67.468
44 54.262 79.933
45 47.513 62.924
46 51.383 76.068
47 49.976 73.501
48 51.399 65.983
49 54.292 71.108
50 53.219 76.668
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APPENDIX III
BIVARIATE NORMAL DATA -  EXAMPLE 3
No. Z1-25 Z2-25
1 48.362 73.761
2 53.845 76.674
3 47.62 72.8
4 47.61 70.381
5 47.848 69.824
6 44.121 66.806
7 49.833 70.269
8 52.546 74.09
9 52.326 68.498
10 51.083 71.459
11 51.587 72.299
12 50.674 67.216
13 52.974 73.858
14 52.753 75.376
15 48.604 74.03
16 52.451 69.989
17 51.088 71.17
18 48.976 66.734
19 55.368 72.104
20 54.646 72.24
21 53.977 72.179
22 52.747 77.401
23 47.958 72.285
24 43.722 62.086
25 51.095 63.743
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